Abstract: Fifty years have passed since Watson and Crick proposed the molecular basis for the replication of nucleic acid and hence the transfer of genetic information. During this time, a model for the expression of this genetic information has been proposed and refined considerably. Coincident with these advances, the chemical synthesis of oligonucleotides combined with the power of molecular biology has facilitated dramatic advances in our understanding of the fundamental workings of the living cell.
STRUCTURE OF DNA
On 27 June 2000, the New York Times featured a dramatic banner headline announcing "Genetic Code of Human Life Is Cracked by Scientists", a reference to the release of the first draft of the human genome. In fact, that code had been "cracked" many years before in an elegant piece of deduction [1] which had roots in one of the most celebrated papers of modern science, the proposal for the structure of DNA [2] .
In the spring of 1953, three papers describing structural investigations of the DNA molecule were published in the journal Nature [2] [3] [4] . One of these, coauthored by James Watson and Francis Crick, put forward a model of DNA structure (Fig. 1A ) which featured the now famous antiparallel double helix held together by hydrogen-bonding interactions between complementary base-pairs: adenineؒthymine and guanineؒcytidine (Fig. 1B) . A high-resolution view of this structure was not obtained until Dickerson and coworkers reported the results of their crystallographic studies on the selfcomplementary DNA dodecamer 5′-CGCGAATTCGCG-3′ in 1980 (Fig. 1C) [5] . The Watson-Crick model represented, in one sense, the culmination of a spirited competition [6] to "solve" the mystery of the structure of DNA, but it also provided the key insight into the mechanism of hereditary information transfer and the means by which this information is communicated within the cell. That insight was communicated in one sentence in the Watson-Crick paper where the authors stated "it has not escaped our notice that the specific pairing we have postulated immediately suggests a possible copying mechanism for the genetic material." This copying, based on complementary base-pairs, results in the replication of DNA and the synthesis of RNA, which then performs various functions in the cell.
One of the functions of RNA (mRNA) is to serve as a template for protein synthesis. Crick realized that the structure of DNA (and RNA) was too regular to directly specify incorporation of one of the 20 amino acids in a growing polypeptide chain. He therefore proposed "the adaptor hypothesis" whereby an intermediate molecule (now known to be tRNA) associated with a specific amino acid could interact with the coding RNA. He also formulated "the central dogma of molecular biology" whereby the transfer of sequence information occurs from DNA (or RNA) to protein but not from protein to nu-cleic acid [7] . This sometimes misunderstood statement is fundamental to our understanding of the expression of the gene in biological systems. Our description of the mechanisms of this expression has been elaborated in unforeseen ways as the complexity of biological systems has been further unveiled. Three examples illustrate this point. First, David Baltimore and Howard Temin showed, through their discovery of reverse transcriptase, an enzyme which synthesizes a DNA copy of RNA, that the flow of genetic information is not unidirectional [8, 9] . Second, the split-gene intron/exon structure [10] found within eukaryotes means that coding mRNAs can be assembled in a combinatorial fashion by alternative splicing involving the inclusion or exclusion of different exons [11] . For example, the Drosophila gene dscam potentially encodes 38 000 distinct isoforms of an axon guidance receptor from a single precursor via this mechanism [12] . Finally, it is becoming increasingly clear that diversification of the immunoglobulin genes through somatic mutation, isotype switch recombination, and gene conversion depends on a complex of proteins, with a DNA mutating protein, activation-induced deaminase, at its heart [13] .
DNA, RNA, PROTEINS....RNA
One paradox of the DNA ⇒ RNA ⇒ Protein model is that the mechanism of this information relay depends on proteins at all stages including the synthesis of DNA and RNA themselves (by DNA and RNA polymerases, respectively). A resolution of this chicken and egg problem would require the existence of a self-replicating biomolecule. Until the early 1980s, this was problematic since only proteins (noncoding according to the central dogma) were known to be capable of catalyzing biological reactions and only nucleic acids transmitted genetic information.
The paradox involved in the separation of coding and catalytic activity was resolved by studies on the post-transcriptional processing of two RNAs. Cech and coworkers were able to demonstrate that removal of Group I class introns from the Tetrahymena 26S pre-rRNA depends only on the presence of the pre-rRNA, Mg 2+ , and a guanosine "cofactor" [14] . The two sequential transesterifications are autocatalytic, promoted by the folded intron itself. Separately, Altman and colleagues showed that the RNA components of the RNA-protein assembly RNase P were the catalytic subunits responsible for the maturation of pre-tRNA in E. coli and B. subtilis [15] . Thus, RNA, previously regarded as an informationtransmitting or structural molecule, was shown to be capable of catalyzing biochemical transformations. Subsequent to the work on the Group I intron and RNase P, other examples of autocatalysis by RNA have been documented and artificial RNA enzymes (ribzoymes) have been created which catalyze key biochemical transformations including RNA synthesis and amino-acyltransfer [16, 17] . The recent structure of the large subunit of the ribosome shows an active site exclusively composed of RNA, strongly suggesting that peptide bond formation during protein synthesis is RNA-catalyzed [18] . The involvement of RNA in key steps of gene expression from RNA processing through translation hints at an earlier "RNA World" as the origin of self-replicating biological systems [19] .
CHEMICAL AND BIOCHEMICAL GENE SYNTHESIS
Parallel to the elucidation of the structure of DNA and the flood of work which sprang from this was an intense effort by chemists to chemically synthesize the gene. In 1955, Michelson and Todd reported the synthesis of dithymidyl nucleotide [20] . This was followed by somewhat more than two decades of effort on the chemical synthesis of longer oligonucleotides including complete genes. Key advances in this work included the development of a cyclic iterative approach to oligonucleotide synthesis and the use of the solid phase as well as the development of protecting group, phosphite triester and phosphoramidite chemistries with the landmark contributions being made by Khorana, Letsinger, and Carruthers [21] [22] [23] [24] . Despite impressive achievements, the total chemical synthesis of the gene was not practical for general application much as the chemical synthesis of polypeptides had a limited utility for the study of specific systems. Instead, the combination of chemical synthesis of relatively short oligonucleotides with the techniques of molecular biology has provided some of the most powerful tools in modern biology. Three operations have been critical to the recent advances in biology based on the gene-these are isolation/synthesis, sequence characterization, and mutation-and all have made use of the chemical synthesis of DNA.
The most common methodology for the synthesis of genes now is the polymerase chain reaction (PCR) invented by Mullis and a rediscovery of the work of Khorana in the early 1970s [25, 26] . In this protocol, short synthetic oligonucleotide primers flanking a sequence of interest are used to amplify that sequence through an iterative procedure of annealing, DNA polymerization, and denaturation. The applications of this technique have been myriad, ranging from cloning of genes and gene fragments to forensics and diagnostics. Synthetic oligonucleotides have also been key to the large-scale sequencing projects of the last decade via polymerization off of DNA primers with chain-terminating dideoxynucleotides [27] . As well, chemically synthesized pieces of DNA have facilitated the manipulation of the gene, either through the production of deletion mutants by PCR or by the introduction of point mutations in a particular sequence [28] .
Finally, there has been great interest in the application of synthetic oligonucleotides and oligonucleotide analogs for modulation of gene expression including therapeutic purposes [29] . Most of the efforts in this regard have relied on an "antisense" strategy whereby hybridization to a sequence of interest would inhibit translation or trigger RNase H-mediated degradation of an RNAؒDNA hybrid. Recently it was reported that double-stranded RNA triggers gene-specific silencing (RNA interference or RNAi), a response which appears to represent an antiviral mechanism as well as a system for regulation of endogenous gene expression [30] . The demonstration that short, synthetic RNA duplexes can induce RNAi in mammalian cells [31] has provided a very powerful tool for cell biology, one that should provide many more insights into the function of gene products in living cells.
